Abstract: Major depression and cardiovascular diseases are 2 of the most prevalent health problems in Western society, and an association between them is generally accepted. Although the specific mechanism behind this comorbidity remains to be elucidated, it is clear that it has a complex multifactorial character including a number of neuronal, humoral, immune, and circulatory pathways. Depression-associated cardiovascular abnormalities associate with cardiac dysfunctions and with changes in peripheral resistance. Although cardiac dysfunction in association with depression has been studied in detail, little attention was given to structural and functional changes in resistance arteries responsible for blood pressure control and tissue perfusion. This review discusses recent achievements in studies of depression-associated abnormalities in resistance arteries in humans and animal experimental models. The changes in arterial structure, contractile and relaxing functions associated with depression symptoms are discussed, and the role of these abnormalities for the pathology of major depression and cardiovascular diseases are suggested.
COMORBIDITY BETWEEN MAJOR DEPRESSION DISORDER AND CARDIOVASCULAR DISEASES
Major depression disorder (MDD) and cardiovascular disease (CVD) are 2 of the most prevalent health problems in Western society, and an association between them is generally accepted. [1] [2] [3] Several prospective studies showed that the presence of MDD increases the likelihood of developing an adverse cardiovascular event in otherwise healthy patients. [4] [5] [6] Moreover, patients often experience severe depression after cardiovascular events, 2, 7 and a significant number of them remain depressed years after the event. 8 CVD is characterized by circulatory and neuroendocrine changes and recognized as a significant risk factor for MDD, 9 whereas MDD, characterized by depressed mood, anhedonia (a reduced responsiveness to pleasurable stimuli), and hopelessness, is recognized as a risk factor for CVD. 4, [9] [10] [11] [12] [13] The mechanism that underlies this bidirectional association is not fully elucidated. It remains unclear whether MDD and CVD are independently induced by similar factors or these 2 disorders tightly interact with each other. Several factors are common for both disorders, for example, dysfunctions of the hypothalamic-pituitaryadrenal axis and the autonomic nervous system (ANS), activation of the renin-angiotensin-aldosterone system, and increased concentration of proinflammatory cytokines. 1, 2, [14] [15] [16] Importantly, all these factors are capable of inducing both MDD and CVD thereby creating a malignant cycle that usually leads to chronic disease. 17 The changes in these factors and their role in comorbidity of MDD and CVD are discussed in a number of excellent recent reviews 1, 2, [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] and are out of scope here. It should be noted, however, that the presence of stressful environment (chronic, social, and early life stressors) is a very important variable influencing both MDD and CVD. 17 Different forms of stressors can be experienced, but their common feature is that they lead to a feeling of strain and pressure, although this does not necessarily provoke pathological changes in mood state or the circulation. Depression is a complex disorder, in part, because the diagnostic criteria do not distinguish between different behavioral facets of depression, and therefore, there are different subsets of depressive patients. The late-onset depression stands out in term of its clear vascular pathology in the form of ischemic lesions but otherwise cannot be completely segregated from other forms of depression. 27 The Diagnostic and Statistical Manual, Fourth Edition (DSM-IV) defines depression by the presence of at least 1 of 2 core symptoms: anhedoniaa decreased ability to experience pleasures and depressive mood lasting minimally 2 weeks. 28 Because anhedonia is a cardinal phenomenon of depressive disorders, which can be evoked in rodents, 29 the hedonic deficit is considered as a primary feature to be addressed in the preclinical models of depression. 30, 31 
ANIMAL MODELS FOR STUDYING THE COMORBIDITY BETWEEN MDD AND CVD
In combination with findings from human studies, the use of well-validated, reliable, and relevant preclinical models is a useful approach in studies of the mechanisms underlying the comorbidity of MDD and CVD. 30, 32 Research using animal models allows for a high level of experimental control, as well as exploitation of integrative methods and analyses. The established stress dependence of both diseases can be a useful instrument in addressing the mechanisms involved in their comorbidity.
Several animal models for mood disorders have been developed and validated. These, mainly rodent models of learned helplessness, 33 exposure to chronic mild unpredictable stressors (CMS), 29, 34 behavioral despair, 35 and negative social experience, [36] [37] [38] [39] were used to study behavioral and physiological consequences of MDD. These models have been shown to successfully imitate depression-like symptoms and other changes in behavior, nervous and cardiovascular systems, immune responses, hormonal and oxidative states known to characterize patients with MDD. The construct, face, and predictive validities of these models have been comprehensively presented elsewhere. 30, 31, 34, 36, 40 The CMS and negative social experience models for depression are considered currently the most realistic models with a very high validity. Importantly, the CMS model also demonstrates the individual variability in responses to chronic stress, which is very characteristic for humans. A subgroup of rats does not develop depression-like symptoms (resilient rats) during exposure to chronic unpredictable stress, whereas others develop depression-like symptoms. 34 The resilient subgroup is now considered an excellent control, for more refined modeling of depression. 31 Importantly, animal models for CVD are equally useful in studies of comorbidity between MDD and CVD. Thus, in accordance with the suggested comorbidity in humans, rat models for heart diseases (heart failure) show behavioral changes matching well with depression symptoms often seen in postinfarct patients. 41 Similarly, rat models of cerebral ischemia 42 exhibit features similar to those of depressed individuals. Thus, the bidirectional interactions between MDD and CVD should be addressed in animal models from both a psychological and a cardiovascular point of view providing an integrative understanding of mechanisms behind their comorbidity.
DEPRESSION SYMPTOMS AND SYSTEMIC VASCULAR RESISTANCE: HUMAN STUDIES
Consistent with comorbidity between MDD and CVD, an elevation in systemic arterial pressure, higher sympathetic tone and circulating levels of noradrenaline, and elevations in blood viscosity are often observed in association with increased prevalence in MDD. 1, 2, [14] [15] [16] An increased vasoconstriction and/or blood viscosity would, in accordance with Poiseuille's law, lead to an increase in systemic vascular resistance (SVR) in patients with MDD. In fact, the elevated SVR was found in patients with MDD, [43] [44] [45] although no change in resting mean arterial pressure (MAP) was reported. 46 The authors suggested that depressive symptoms were associated with reduced parasympathetic and increased sympathetic tone 47 resulting in a broad range of hemodynamic changes. [43] [44] [45] This is supported by findings of elevated noradrenaline metabolites in plasma in response to stressor stimuli. 13, 48, 49 Thus, although, in depressed patients, additional stress often associate with increased MAP and heart rate, 22, 43 under resting conditions depressive symptoms associate with reduced cardiac output (CO) and unchanged MAP suggesting elevated SVR. 44 In addition to being a hemodynamic background for increased blood pressure, increased vascular resistance can be a critical factor for controlling sufficient organ perfusion even under conditions when MAP is not changed, for example, due to simultaneous reduction in CO. Accordingly, some CVDs, for example, some forms of heart failure, are not associated with elevated blood pressure but have significantly increased myocardial vascular resistance leading to insufficient blood supply to the heart. 50 An additional mechanism behind elevation of SVR in MDD patients may be long-term elevation in blood viscosity and decreased plasma volume due to chronic stress exposure. 16 Hemoconcentration resulting from increased capillary hydrostatic pressure and decrements in plasma volume has been postulated as an additional potential mechanism linking CVD and MDD. 51 This increased filtration of fluid out of the plasma into the interstitial space has been suggested to be either a result of sympathetic nervous system activation and release of catecholamines during psychological stress 16 or atrial natriuretic peptide release from the atria and from the hypothalamus. 52 Accordingly, antidepressant treatment normalizes stress-induced hemoconcentration and has a positive cardiovascular impact, which correlates with relief of depressive symptoms. 53 Enhanced blood viscosity is also likely to be associated with the increased blood coagulation and fibrinolysis, D-dimer, and plasminogen activator inhibitor-1 protein and platelet activation in MDD patients. 54 Interestingly, although MDD patients are reported to have normal MAP [43] [44] [45] 49, 55, 56 and even reduced MAP 57 under resting conditions, the treatment with some antidepressants [ie, tricyclic antidepressants (TCAs) and serotonin-noradrenaline reuptake inhibitors (SNRIs)] leads to significant elevation of blood pressure 57, 58 suggesting that this treatment might be associated with further elevation of SVR. 46 In contrast, treatment with specific serotonin reuptake inhibitors (SSRI) does not affect MAP. 55 The mechanism behind this controversy is under debate. 46 It has been shown that SSRI treatment reduces vagal activity in patients with MDD. 55 Because the reduction in vagal activity measured by the reduction in heart rate variability is a known risk factor for the outcome of different forms of heart disease, 47 this action of SSRI antidepressants can lead to increased cardiac risk in MDD patients. Interestingly, SSRI treatment reduced the low-frequency heart rate variability, 55, 59 which has been suggested to reflect the modulation of sympathetic and vagal tone by baroreflex activity, 60 whereas the high-frequency heart rate variability, which can be interpreted as a specific measure of parasympathetic control, 61 is not affected. This is in contrast with reduced high-frequency heart rate variability seen in untreated depressive patients in comparison with healthy controls and explained by diminished parasympathetic control of the heart rate. 45 A reduction of the low-frequency heart rate variability was also seen after treatment with TCAs and SNRIs, and this effect can be explained similarly to SSRIs by normalization of the increased sympathetic activity seen in depressed patients. 59 However, in addition to its central effects, which normalizes sympathetic outflow, TCAs and SNRIs may have peripheral effects on noradrenaline transporter activity, which was further contributed to a reduction of sympathetic nervous activity. 46, 57 Surprisingly, out of the 2 principal possibilities to modulate blood pressure, that is, CO and SVR, only CO received substantial attention. 62 Although depressionassociated changes in vascular structure and function were studied both in vivo and in vitro, [43] [44] [45] most of them are focused on large arteries which do not have any significant impact for blood pressure and SVR. [63] [64] [65] [66] [67] Only few studies were focused on small resistance arteries in MDD patients. 68, 69 Currently, the main source of knowledge about depressionassociated abnormalities in resistance artery structure and function is provided by animal experimental models.
DEPRESSION SYMPTOMS AND SVR: ANIMAL STUDIES
The fact that experimental models for depression are able to mirror cardiovascular abnormalities reported for MDD patients supports the validity of these models. 31, 32, 36, 40 Although the animal models for negative social experience 36 and disruption of social bonds 39 resemble changes in ANS regulation of heart rhythm and its variability, 70 other important hemodynamic parameters (ie, MAP and SVR) were not studied in these models. It will be important to know whether CO, SVR, and MAP are altered in association with chronic social stress. Without knowing these parameters, it may be too ambitious to suggest that depression-like symptoms in these models are associated with vascular abnormalities. The available data on heart rate variability suggest only a dysbalance in sympathetic and parasympathetic activities. 71 Importantly, sympathetically mediated elevation of heart rate in rats can under certain conditions be associated with a reduction in CO. 72 The characteristic changes in heart rate suggest that in rodent models with depression-like symptoms induced by social stress, the hemodynamic abnormalities 32, 36, 39, 40 are similar to those seen in other model of MDD, for example, CMS.
Cardiovascular changes reported previously for the CMS model of MDD have been suggested to be associated with sympathetic/parasympathetic dysbalance. 72 Interestingly, inhibition of both sympathetic and parasympathetic effects revealed a similar heart rate for CMS and stress-unchallenged groups suggesting that CO was also normalized. 73, 74 Higher sympathetic nervous activity was directly recorded from CMS rats in comparison with stress-unchallenged control rats. 75 This sympathetic nervous system activation increased heart rate and a reduced CO which were accompanied with unchanged 72, 74, 76 or slightly elevated MAP 75 suggesting an elevation of SVR. 76, 77 SVR is derived from MAP and CO. SVR is increased when MAP rises with unchanged or elevated CO and when reduced CO is accompanied with unchanged of reduced MAP. The latter pattern is in accordance with experimental results from the CMS model of MDD. 76, 77 CMS rats demonstrated cardiovascular hyperreactivity manifested by further elevation of heart rate in response to stressful stimuli, and this was accompanied by increased MAP. 73 These findings suggest a stronger reserve for increasing MAP in CMS rats in comparison with stress-unchallenged controls on activation of the sympathetic nervous system by stressors. Thus, inhibition of b-adrenoceptors with propranolol completely abolishes the effect of air jet stress on heart rate but was without any effect on the pressor response. [72] [73] [74] Although the role of a-adrenergic transmission has not been tested, other neurohumoral factors, such as angiotensin, corticosterone, and vasopressin, could also elevate MAP. 73 This is in accordance with clinical studies showing increased noradrenaline concentration and elevated components of the hypothalamic-pituitaryadrenal axis (eg, cortisol and adrenocorticotropic hormone) in response to stressors and orthostatic challenges, suggesting a hyperactive stress response in association with depression. 78, 79 Interestingly, although the behavioral changes associated with CMS exposure recovered after cessation of the stressors, the reported cardiovascular abnormalities persist over longer time. 73, 74 This suggests that simple recovery from depressive symptoms was not associated with alleviation of cardiovascular abnormalities. This is also supported by the finding that although SSRI treatment normalizes behavior, there was only partial normalization of CO, whereas MAP remained to be similar with stress-unchallenged controls. 72 This is in accordance with clinical data showing an improvement of heart rate and heart rate variability in the treated MDD patients which never returns to normal levels observed in healthy individuals. 80 We have previously analyzed the relation between the CMS-induced hemodynamic changes and stress susceptibility of rats and have found that only rats showing depressive behavior have elevated heart rate. 76 This suggests, in line with previous studies, 72 a reduction in CO only in rats with depression-like symptoms, whereas CO of resilient rats was unaffected. 76 The experimental design did not allow for concluding whether these hemodynamic changes are inherited or a consequence of the CMS protocol, but they clearly indicate that elevation of SVR is associated with development of depression-like symptoms and is not a stress response in general.
These SVR changes can be a result of stress-induced activation of ANS, neurohumoral, and inflammatory factors, but there is also a possibility that inherited changes in vascular resistance, especially in the brain circulation, can predispose/ perpetuate the depressive state (ie, vascular depression). The increased SVR are very likely associated with changes in small arteries, which provide the major resistance to blood flow through the vascular tree. 81 Thus, an increase in SVR should be associated with either structural changes narrowing arterial lumen (inward remodeling) or/and with functional abnormalities leading to pronounced contraction or suppressed vasorelaxation. The possibilities for studying resistance arteries in vivo are limited, but the structure and function of these arteries can be efficiently studies in vitro.
81 Surprisingly, until recently, no study addressing the structure and function of resistance arteries in association with depression symptoms was reported.
STRUCTURAL CHANGES IN RESISTANCE ARTERIES IN MDD PATIENTS
In contrast to the comprehensive literature regarding cardiac abnormalities in association with MDD, the information regarding vascular changes is very limited. Moreover, with a few exceptions, only data on large arteries suggesting endothelial dysfunction and atherosclerosis are currently available. Thus, endothelial dysfunction has been shown to occur in large arteries of untreated patients 82 and those under antidepressant therapy. 83 Moreover, compared with healthy individuals, a greater prevalence and incidence of increased carotid intima-media thickness was reported in MDD patients. 67, [84] [85] [86] Clearly, these results from large arteries cannot explain the development of microvascular pathologies and changes in SVR.
The knowledge about resistance arteries in MDD patients is mostly collected for late-life form of depression characterized by white matter damage due to ischemia. 87 Ischemia can be a result of vascular abnormalities including systemic dysfunctions and localized vascular damage. Although these findings strongly suggest that the late-life depression should be called vascular depression, human cerebral vessels are difficult to access, and only postmortem studies of their structure and function are possible. Therefore, studies were performed on arteries from subcutaneous biopsies. 64, 68, 69 These subcutaneous arteries are clearly different from cerebral vessels; however, previous studies show that changes observed in human cerebral arteries in association with several pathologies, for example, hypertension, 88 are similar to those seen in subcutaneous arteries. It has been shown that patients with late-life depression have an impaired resistance artery function and abnormal wall structure compared with healthy individuals. 64, 68, 69 Importantly, patients with late-life depression had normal blood pressure with resistance artery wall hypertrophy normally associated with hypertension. 81, 89 This could be particularly relevant because resistance artery hypertrophy is a prognostic indicator for subsequent incidence of cardiovascular events. 88, 90 A similar wall hypertrophy, without narrowing of the lumen, has previously been shown in patients with diabetes. 91 The observed structural changes can lead to reduced autoregulatory capacity of resistance arteries, as it has been shown previously, 92, 93 and it can be highly relevant for regulation of cerebral perfusion. 94 
FUNCTIONAL CHANGES IN RESISTANCE ARTERIES IN MDD PATIENTS
Functional analyses of subcutaneous artery revealed unchanged responses to noradrenaline stimulation, 68 although authors have not performed a detailed analysis of the contractile function. Subcutaneous arteries from patients with late-life depression demonstrated highly impaired endothelial function, 64, 69 which cannot be explained by a dysfunctional NO-dependent pathway only. 68 This suggests that other pathways, that is, endothelium-dependent hyperpolarization and cyclooxygenase (COX) products, also play a role in this dysfunction. Further detailed analysis need to be done to fully understand the mechanisms behind this pronounced endothelial dysfunction in association with MDD. This is obviously of importance because it will have crucial significance for tissue perfusion and blood pressure control. To gain a mechanistic insight in resistance artery function, valid and realistic experimental models are needed because arterial biopsies do not allow a large number of participants to be included and several other manipulations are not feasible in clinical studies either.
STRUCTURAL CHANGES IN RESISTANCE ARTERIES IN ANIMAL MODELS OF DEPRESSION
Changes in both vascular structure and/or a balance in contraction and relaxation can be critical for alterations in SVR. Similar to human data, 64, 68, 69 we were unable to find any changes in passive lumen diameter of resistance arteries from rats with depression-like symptoms. 76 We have, however, recently found that depression-like symptoms in CMS-exposed rats associate with increased media thickness of cerebral arteries (Matchkov V.; DMScs; 02-2014; unpublished observation), but not of peripheral arteries. 77 Although these changes cannot be responsible for elevation of SVR, the elevated media thickness will affect the contractile and myogenic properties of cerebral arteries and thus can play a critical role in regulation of cerebral blood flow.
FUNCTIONAL CHANGES IN RESISTANCE ARTERIES IN ANIMAL MODELS OF DEPRESSION Responses to Contractile Agonists
Similar to previous observations, made on human subcutaneous arteries from patients with late-life depression, 68 we have not previously found any differences in agonist-induced contractile responses between small arteries isolated from nonstressed rats, rats with depression-like symptoms after CMS and rats resilient to CMS. 76 These results were similar for resistance arteries from several peripheral vascular beds including small mesenteric and skeletal muscle arteries. Similarly, the unchanged agonist-induced contraction was previously shown for large arteries from CMS mice with depression-like symptoms. 95, 96 The extent of arterial constriction is determined by the concentration of agonist at the receptors. 97, 98 It was found that depression-like symptoms in rats are associated with suppressed extraneuronal uptake of monoamines that compensates for an elevated neuronal reuptake 76 ( Fig. 1) . These bimodal changes provide a reciprocal modulation of agonist concentration near their receptors, making overall contractile responses similar to those seen in arteries from nonstressed rats. Moreover, the simultaneous inhibition of neuronal and extraneuronal reuptakes clearly indicates that the intrinsic ability of smooth muscles to contract in response to noradrenaline is unaffected. 76 The observed changes were associated with alterations in the expression of proteins responsible for these transporters, that is, neuronal noradrenaline transporter and organic cation transporter 2 (OCT-2), respectively. 76 Interestingly, the elevation of neuronal reuptake was remarkably similar to changes seen in association with hypertension. 81 Moreover, the elevated neuronal reuptake has been described not only for hypertensive rats 99 and patients, 100 but also in normotensive young individuals having a family history of hypertension. 101 It has been suggested that these reuptake changes might be a consequence of the increased sympathetic tone associated with CMS, 72, 74, 75 that is, a compensation for the procontractile changes associated with the increased sympathetic activity. 102, 103 In fact, the increased sympathetic activity has been suggested to induce proportional changes in neuronal noradrenaline transporter expression. [104] [105] [106] [107] Our previous findings demonstrated suppression of extraneuronal catecholamine uptake associated with CMS (Fig. 1) . 76 Importantly, we have demonstrated that this was due to suppressed expression of the OCT-2, which is known to be sensitive to corticosterone inhibition. 108 Taken into account the significant stress-induced elevation of corticosterone in CMS rats (especially in those with depression-like symptoms), 34, 109, 110 it may not be surprising that CMS leads to reduced OCT-2 protein expression. 76 The significance of neuronal and extraneuronal monoamine uptakes varies in different vascular beds, and the neuronal monoamine reuptake is known to play a less significant role in the poorly innervated cerebral circulation. It is therefore possible to suggest that neuronal reuptake will not be able to fully compensate for increased agonist stimulation in these arteries. Additionally, an elevation of the circulating stress hormone, corticosterone, inhibits extraneuronal uptake of monoamines, further increasing the concentration of agonist at the receptors. Altogether, this could make the brain circulation particularly sensitive to circulating monoamine concentration during stress exposure. Changes in cerebral vasculature in a rodent model of MDD have not been reported yet. This indicates the importance of such future comprehensive studies of cerebral artery tone control in depression, especially keeping in mind that this is impossible to obtain from humans. Moreover, it will be important to analyze how antidepressant treatment would affect the monoamine homeostasis and whether there is a difference between antidepressants and responsiveness to antidepressant treatment. In accordance to previously reported prohypertensive effects of some antidepressants, for example, TCAs and SNRIs, 57 an elevation of vasoconstrictor activity due to suppressed neuronal monoamine transport might be expected. 76 
Altered Endothelium-dependent Responses
Endothelial dysfunction is a complex term describing changes in several endothelium-dependent pathways. Three major endothelium-dependent pathways important for regulation of vascular diameter are mediated through NO release, synthesis of prostanoids, and endothelium-dependent hyperpolarisation (EDH). 111 The contribution of these factors varies depending on vessel caliber, vascular bed, and health state. Thus, the contribution of NO signaling decreases with vessel diameter, whereas EDH exhibits an inverse pattern being more prominent in small arteries. 112 Endothelial dysfunction has been shown previously to be an important factor in pathological conditions, for example, diabetes mellitus, hypertension, and atherosclerosis. 111 Endothelial dysfunction is also one of the factors suggested to be involved in cardiovascular abnormalities seen in depressed patients. 1, 17, 21, 113 Although MDD patients were previously reported to have endothelial dysfunction, 83, 114, 115 the mechanism behind this association is unknown. 113 In human depressionassociated endothelial dysfunction was manifested as an impaired forearm flow-mediated vasodilation. 66, 83, [114] [115] [116] [117] [118] Endothelium dysfunction in the CMS model of depression has previously been studied only in large conduit arteries of rats 119, 120 and mice. 95, 121 We have previously shown the reduced endothelium-dependent relaxation to acetylcholine of resistance arteries isolated from rats with depression-like symptoms, 77 but the mechanism behind this attenuation of relaxation seems to be different from those described for large FIGURE 1. The proposed model for disturbances in catecholamines homeostasis. Based on our experimental results, 68 we propose the model for disturbances in catecholamine homeostasis in the arterial wall from resilient rats and rats with depression-like symptoms (anhedonic) after CMS exposure. The chronic stress exposure suppressed corticosterone-sensitive extraneuronal monoamine uptake (OCT) in the arterial wall. Rats with depression-like symptoms upregulate neuronal noradrenaline transporter (NET) which compensates for increased sympathetic activity and reduced extraneuronal uptake. Inhibition of NET with antidepressants such as TCAs and serotonin-noradrenaline transporter inhibitors may lead to a dysbalance in released and recovered noradrenaline and vasoconstriction.
arteries in human and rodents. 66, 83, 95, [114] [115] [116] [117] [118] [119] [120] [121] In fact, resistance arteries from CMS rats with depression-like symptoms have an increased NO-dependent vasorelaxation pathway due to upregulation of endothelial NO synthase. 77 This is in contrast to the results on large arteries, 95, [119] [120] [121] but it is in accordance with previous reports on resistance artery endothelial function in the chronic social stress model of depression where the increase in both the NO-dependent pathway and endothelial NO synthase activity were reported. [122] [123] [124] [125] It remains unclear whether the observed upregulation of NO signaling in resistance arteries is primary or compensatory to the changes in endothelium-dependent relaxation. It is tempting to speculate that suppressed EDH signaling in arteries from rats with depression-like symptoms is a major defect in endothelial dysfunction in these arteries, whereas an elevated NO response has a compensatory character. 77 An attenuation of EDH-like response in resistance arteries from rats with depression-like symptoms is in contrast to the previously reported increase in EDH signaling in aorta from mice exposed to CMS. 121 A significant EDH signaling in aorta is surprising by itself, 112 but the absence of this signaling pathway in aorta from nonstressed mice suggest that this might be a consequence of chronic stress. 121 Moreover, opposite changes in NO and EDH signaling in this study, suggest a counterbalancing interaction between these 2 pathways (Fig. 2) . This counterbalancing interaction seems to be the case for both large arteries 121 and small resistance arteries. 77 Being one of the major pathways for endothelium-dependent relaxation in resistance arteries, EDH is an important factor for control of SVR and tissue perfusion. Accordingly, several cardiovascular pathologies have been reported in association with diminished EDH response including some forms of arterial hypertension and diabetes. 126 Moreover, we have recently identified that EDH suppression is a product of reduced expression of 1 of 2 fingerprint proteins for this pathway, the intermediate conductance Ca 2+ -activated K + channels, whereas the small conductance Ca 2+ -activated K + channels were not affected. 77 Importantly, similar pathological changes were previously reported for resistance arteries from type 2 diabetic rats. 127 The most intriguing part of depression-associated endothelium dysfunction relates to COX-dependent signaling. COX-dependent production of eicosanoids in the vascular wall is characterized by a high degree of divergence and plasticity 128, 129 as well as by a broad spectrum of eicosanoid receptors with limited ligand specificity. 130 It has been shown that changes in both enzymatic pathways and receptors could shift between relaxing and contractile effects of COX activation. 128 Our recent study on mesenteric small arteries from rats with depression-like symptoms suggests that the activity of COX-1 and COX-2 enzymes provide 2 distinct endothelium-dependent responses. 77 We did not find significant changes in the procontractile activity of the COX-1 pathway in association with depression-like symptoms (Fig. 2) . However, arteries from rats with depression-like symptoms had an increased production of relaxing prostanoids through the COX-2 pathway. The mechanism for these changes and the prostanoid identity is unclear, and it cannot be explained by changes in cyclooxygenase (COX) expression. 77 Other enzymes involved in prostanoid synthesis cascade could play a role in the changes in COX-2 signaling as well as changes in receptor expression and/or responsiveness. 128 The limited knowledge on the detailed mechanism of depression-associated endothelial dysfunction in resistance arteries suggest that the suppression of the EDH pathway cannot be fully compensated by elevation of NO-and COX-2-dependent relaxations (Fig. 2 ). This could be one of the reasons for elevated SVR and perfusion abnormalities in association with MDD. Experiments with chronic antidepressant treatment could help in understanding the mechanism of association between endothelial dysfunction and psychological factors. It has previously been shown that endothelial dysfunction in aorta could by reversed by fluoxetine treatment. 121 
PERSPECTIVES
The clinical significance of comorbidity between MDD and CVD is well recognized, but the therapeutic potential of this knowledge is limited because of the unresolved mechanism behind this association. [1] [2] [3] It is clear now that the association between these 2 diseases has a multilevel character with numerous factors common for both disorders. Cardiovascular abnormalities in association with MDD affect both cardiac function and the peripheral vasculature, and both components of the circulation are important and interdependent. However, although cardiac dysfunctions in association with MDD are intensively studied, little is known about the changes in resistance arteries. It has recently been shown in animal models that depression-like symptoms are associated with changes in catecholamines homeostasis and endothelial dysfunction in resistance arteries. 76, 77, 123 These animal studies grant a unique opportunity to provide mechanistic understanding of cardiovascular abnormalities in association with depression symptoms. Moreover, these studies suggest a mechanism relevant for the unwanted circulatory effects of some antidepressants in depressive patients. This knowledge will be of great value for improving antidepressant treatment accounting for comorbid CVD. All these assumptions are only possible for truly translational studies where abnormalities in experimental models reproduce the pathophysiology of patients. Although the experimental support from resistance arteries of depressive patients is limited, studies of subcutaneous arteries from patients with latelife depression support similarities between resistance arteries FIGURE 2. Depression-associated changes in different components of endothelium-dependent relaxation in resistance arteries. 70 [ indicates elevation of signaling pathway impact; Y indicates suppression of signaling pathway impact. The size of arrow suggests the significance of the changes.
in experimental models and in MDD patients. We suggest that the changes in SVR due to abnormalities in resistance arteries could contribute to the comorbidity of the 2 disorders. Further studies of resistance arteries are necessary to achieve a potential therapeutic benefit from this part of the circulation for the comorbidity between MDD and CVD.
